The problem of voltage collapse in the power system occurs when the load parameter exceeds some critical value. The critical operation point is known as the nose point in P-V curve. In this paper, the mechanism of vcdtage collapse is explained based on system circuit and solution manifolds. The corresponding mathematical model is derived. The proven theorem shows that the essential reason for voltage collapse is that the solution manifold of injection Ibranch equations being not transversal with that of linear network equations. And the coincidence of the nontransversal of solution manifolds with voltage collapse and static bifurcation is proved.
I. INTRODUCTION
The voltage collapse problem is of great concern to the electric utility industry. Abnormal high or low voltages and voltage collapse may occur in many large interconnected power systems. There are many research outputs on voltage collapse analysis [1] [2] [3] [4] . Venikov et al.
[1] suggest a criterion for voltage stability based on steady state sensitivity analysis using a simple two-bus system. Tamura et al. [2, 3] analyze voltages collapse by multiple power flow solutions. Kwatny et al. investigate the voltage collapse by applying bifurcation analysis [4] . They show that the existence of bifurcation point is associated to the voltage collapse, and at this point the load voltages are infinitely sensitive to parameter variations. No matter from the viewpoint of multiple power flow solutions or bifurcation, it is essential to understand the nonlinear nature of power systems and the relationship between the nonlinear nature and voltage instability.
It is well known that power systems are very special large-scale nonlinear circuits, in which there are two different types of branches. One is the transmission lines which interconnect various buses, considered as network 'links' in our paper; and the other is the injection branches including generator branches and load branches, taken as the Dept.of Electrical and Electronic Eng.
The University of Hong Kong Hong Kong, P. R. China 'trees' of the network circuit hereafter. In this paper, the voltage collapse mechanism is investigated from the system solution manifold viewpoint based on structure-reserved nonlinec ircuit. The paper reveals a significant fact that the voltage collapse phenomena corresponds to the occurrence of non-transversal between the solution manifold of injection branch equations and that of network equations. And the coincidence of the nontransversal of system solution manifolds mentioned above with voltage collapse and static bifurcation is proved.
II. THE NONLINEAR CIRCUIT MODEL
In this paper we assume all the state variables including loads are continuous variables. The equivalent circuit of a power system is a nonlinear circuit, and the injection branches, including generator branches and load branches, have nonlinear characteristics and are taken as the tree of the circuit; other branches i.e. transmission lines, are linear and taken as link branches in this paper.
A. Load branch characteristic equations
We assume that the load varies continuously. For a general load there exsit two groups of different variables, one group is the load circuit variable which has fast dynamics such as load current for inductive load, and the other is the load mechanical variable such as an induction motor slip which is a slow variable. Under most cases, the fast dynamics can be neglected, hence, under the orthogonal coordinates rotating at synchronous speed and denoted as D and Q axes, the load model using motor convention can be written as ii = AFmi(si,Ui)
ii =ii(si, ui)
where i=l, . ..nL. nL is the total number of load uDi, uQi] 
where UL is the vector of the voltages of load buses.
In traditional analysis of power systems, for a load bus the real power and reactive power injecting to the bus is taken as load parameter and the bus is called a PQ-bus. In fact, Pand Q define the branch characteristics, and we have
where U =~U~i + U~i is the magnitude of bus voltage. P and Q can be considered implicitly as functions of dynamic load slip s, therefore (4) can be in the format of (3) as well.
B. Generator branch characteristic equation
The 3rd-order mathematical model of a synchronous machine without damper windings under orthogonal coordinates rotating at synchronous speed can be derived as '7]:
where .&dqi =~~i -X:i , Axddi = x;: -x~j .
The generator branch characteristic equation using motor convention is where i=nL+l,.. N, N=nL+n~is the numbers of buses in the power system (excepting swing bus), nG are the numbers of generators, and
Therefore, the generator branch equations can be written as
where UC, i~are the vectors of the voltages and currents of generator buses respectively.
c. Network equations
In the network the link branches i.e., transmission lines are linear, and the lumpedparameter line equivalent circuit model is employed. The network equations can be written in bus admittance matrix form: (10) where u = [u!, u~] (10) we can obtain the network equations
D. Integrated model for power systems
Based on the model derived above, we can see the integrated power system model consists of two sets of equations, the first set of equations is the differential equations of (1) and (5) to (7), the second set is the algebraic equations, shown in (3), (9) and (12). The dynamical behavior of variables s, 6 and E; is governed by the differential equations. It is easy to see that the dynamic behavior of s, 6 and E: has significant impacts on the tree branch characteristics
III. SOLUTION MANIFOLDS AND EQUILIBRIA
It is clear that the equilibria of the power system are determined by (3), (9), (12) (14) which means that when the conditions of theorem 2 are satisfied, the equilibrium point of the nonlinear circuit associated to the power system is the intersection of two regular submanifolds Minj and MN in I-U space.
IV. VOLTAGE COLLAPSE IN A SIMPLE SYSTEM
Now we apply the conclusion to study the voltage collapse mechanism perceptually. As an example, a simple single machine -single load power system is used with its equivalent circuit shown in Fig. 1. 
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Fig. I Equivalent circuit for the simple system
In Fig. 1, x is the inductance of the transmission line; G(s) -jB(s), the equivalent admittance of the induction motor; $, the slip of the motor, and
G(s)= (q+r~/.s)/[(q +r~/s)2 +X2]
B(s)=x/[(lj +r;/$)2+X2]
'=%+J[OX2-'] '17)
where rl, r; are the resistance of stator and rotor windings respectively viewed from stator, Pm is the output mechanical power of the induction motor load. X is the summation of inductance of stator and rotor windings, U is the voltage of the load bus.
Substituting (17) into (15) and (16), we can have G(s) -jB(s) = g(U) -jb(U). Therefore the load injection branch equation is:
I-UJ-=0 some critical value Pnlc, the curves 1 and 2 change to 1' and 2' respectively, and point a and point b coincide at point c, at which point the solution manifold 1' of (18) is tangent to the solution manifold 2' of (19). It is clear that the geometrical structure of the solution manifolds of (18) and (19) is unstable when Pm = P~C. Once Pm> P~C, the system will lose the equilibrium point near point c, i.e., voltage collapse phenomena occur. It is clear that the solution manifolds of (21) and (22) are two regular submanifolds from theorem 1.
Lemma 1: According to assumption 1, the necessary and sufficient conditions of the solution manifolds of (21) and (22) 
Proof
Using definition 1, the lemma can be proved.
Apply above mathematical theory to power Fig.2 Schematic diagram for voltage systems, we can obtain the following theorems. collapse in the simple system
V. VOLTAGE COLLAPSE IN GENIERAL POWER SYSTEMS
From above analysis, we can see that voltage collapse is dependent on the solution manifolds of the injection branch equations and the network equations of power systems. However, both the injection equations and network equations usually have very high dimensions in a complex power system. Hence, how to explain the relation between voltage collapse and the nonlinear characteristics of nonlinear circuits of the studied system is an issue we have to address. In order to make further Theorem 4: Assume the power system model, including (5), (6), (7), (12) and (13), to be smooth. If the solution manifold of (12) and the solution manifold of (13) is singular, then under a small perturbation the power system will lose the equilibrium point near ( iP, UP), i.e., voltage collapse phenomena occur.
analysis on voltage stability, the :following Proof: definition and lemma are given first.
Using lemma 1, this theorem can be proved. 
VIL CONCLUSIONS
By above analysis, main conclusions of this paper can be drawn as follows.
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Complete power systems can be described in state variable space with slow dynamics and circuit variables (injection branch current and voltage). [1]
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